IntroDuctIon
Human embryonic stem (hES) cells have the potential to differentiate into all cell types of the body, and thus hold promise for cell replacement strategies and tissue engineering 1 . However, to realize this potential, an improved understanding of culture conditions, directed differentiation, genomic stability and genetic modification of hES cells is required. The development of a fully defined microenvironment for the culture of hES cells will have a profound impact on this goal, because current practices to maintain hES cells in an undifferentiated state typically depend on the support of feeder cells derived from mouse embryos 1 or in a feeder-free manner by coating cell culture vessels with animal-derived protein substrates such as Matrigel 2 . These culture conditions are undefined, vary between lots, require time-consuming testing and, most notably, limit our ability to interpret mechanistic studies, and the xenogenic components also hinder the use of these stem cells for clinical applications 3 . Thus, identifying a chemically defined matrix that can support hES cell self-renewal in serumand feeder-free conditions is an essential requirement for both basic stem cell biology and regenerative medicine. Although major progress has been made toward the development of defined and/or xenogeneicfree media for hES cells [4] [5] [6] [7] , only recently has the development of cell culture matrices void of xenogeneic components been described by us 8 and by other independent groups 9-13 ( Table 1) .
Our report described the use of a chemically defined polymer coating for the long-term culture of hES cells 8 . This coating is synthesized by surface-initiated graft polymerization of PMEDSAH on tissue culture polystyrene (TCPS) dishes. Human ES cells grown on PMEDSAH-coated TCPS dishes remain in an undifferentiated state; maintain pluripotency with the ability to differentiate into endoderm, ectoderm and mesoderm derivatives; and preserve a normal karyotype. Conditioned medium (CM) from human Fabrication of synthetic polymer coatings and their use in feeder-free culture of human embryonic stem cells the culture of human embryonic stem (hes) cells in defined and xenogeneic-free conditions will contribute substantially to future biotechnological and medical applications. to achieve this goal, we developed the first fully defined synthetic polymer coating poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (pMeDsaH) that sustains long-term growth of hes cells in different culture media. Here we describe a detailed protocol for the reproducible fabrication of pMeDsaH coating on tissue culture polystyrene dishes, and for the feeder-free culture of hes cells on pMeDsaH coating in defined culture medium. this culture system represents a key step toward the fully defined and xenogeneic-free culture of hes cells. cells and defined serum-free medium support hES cell culture on PMEDSAH, and their use in conjunction with PMEDSAH-coated TCPS dishes represents a major step toward achieving a clinically compliant hES cell culture system. Synthetic polymer coatings are reproducible to fabricate, inexpensive and highly manipulable compared with substrates based on biological components, such as recombinant protein [9] [10] [11] and peptides 12, 13 . Here we describe a protocol that details the procedure for the fabrication of PMEDSAH coatings and the preparation of culture medium. It is important to emphasize that successful establishment of hES cell cultures on PMEDSAH-coated TCPS dishes, as with other feeder-free conditions, depends on the rigorous and continuous selection of high-quality undifferentiated hES cells. In this protocol, we describe mechanical passaging of hES cell aggregates, as opposed to enzymatic methods that have been associated with an increased incidence of karyotypic abnormality [14] [15] [16] 
Box 1 | CoATING DISHES WITH MATRIGEL • tIMInG 2-3 D
Prepare Matrigel solution at a concentration of 0.1 mg ml − 1 in DMEM/F12 as given below: REAGENT SETUP Gelatin (0.1% (wt/vol)) Prepare a stock solution of 1% (wt/vol) gelatin with water (Sigma) and autoclave on liquid cycle for 45 min. When cooled, store at 4 °C. To prepare the working solution of 0.1% (wt/vol) gelatin, warm the 1% stock solution in a 37 °C water bath and, under sterile conditions, add 55 ml of 1% stock solution to 500 ml water (Sigma). Mix well by swirling and store at 4 °C. Warm to 37 °C before coating TCPS dishes to ensure that gelatin is melted. Gelatin-coated plates should be prepared freshly before use. To prepare 250 ml of hES cell medium, mix the following ingredients in a sterile 250 ml bottle-top 0.2-µm pore size filter: DMEM/F12 (200 ml), KOSR (50 ml), l-glutamine/2-mercaptoethanol solution (1.25 ml), non-essential amino acids (2.5 ml). After filtering, add 0.5 ml of bFGF stock to obtain a final concentration of 4 ng ml − 1 . Store in the dark at 4 °C and use within 2 weeks. Penicillin/streptomycin can be added to this and the entire culture medium if necessary.  crItIcal l-glutamine/2-mercaptoethanol solution should be prepared fresh immediately before use. Unused solution should be discarded. MEF medium To prepare 500 ml of MEF medium, mix the following ingredients in a sterile 500 ml bottle-top 0.2-µm pore size filter: DMEM (440 ml), HI-FBS (50 ml), non-essential amino acids (5 ml) and l-glutamine (5 ml). Store in the dark at 4 °C and use within 2 weeks. Human cell CM To prepare hCCM, thaw the 100-ml bottle of hCCM overnight at 4 °C and add 250 µl of bFGF stock. There is no need to filter the medium. Store in the dark at 4 °C and use within 2 weeks of preparation. StemPro StemPro hESC SFM is provided as a kit that contains 500 ml of DMEM/F12 with GlutaMAX, 10 ml of StemPro hESC supplement and 40 ml of 25% (wt/vol) BSA. In addition, bFGF and 2-mercaptoethanol must be added.  crItIcal Replace DMEM/F12 with GlutaMAX with DMEM/F12 containing l-glutamine and 15 mM HEPES, to better maintain the physiological pH of the medium while the cells are outside the incubator. The StemPro hESC supplement is supplied as a frozen sample. Thaw it, dispense in 2 ml aliquots in conical tubes and store at − 20 °C up to the expiration date provided by the manufacturer.
To prepare 100 ml of ready-to-use StemPro, mix 90.8 ml of DMEM/F12, 2 ml of StemPro hESC supplement, 7. 11. To prepare 125 ml of MEF-CM for feeder-free cell culture, thaw the stock medium and supplement with 1.25 ml of l-glutamine and 12.5 µl of 1 M 2-mercaptoethanol; mix all three components in a sterile 150-ml, bottle-top, 0.2-µm pore size filter and then add 250 µl of bFGF. Store in the dark at 4 °C and use within 2 weeks of preparation.  crItIcal step MEF-CM should be collected only for 3 d because secretion of growth factors and cytokines by older irradiated MEFs change from supporting hES cell self-renewal to nonsupporting factors proceDure Fabrication of pMeDsaH-coated tcps dishes • tIMInG 1-2 d 1| Assemble the 500-ml cylindrical reaction vessel and three-necked reaction vessel lid with the O-ring and reactor clamp. Place a Teflon-coated magnetic stir bar in the reactor assembly. Attach the condenser to one of the necks of the reaction vessel and turn on the water through the condenser. Close the other two necks with glass stoppers. Place the assembled reactor on a heating mantle and on top of a stirring plate (setup shown in Fig. 1) . ! cautIon The PMEDSAH coating reaction should be performed in a chemical fume hood and proper protective equipment must be used when handling reactants and solvents. Furthermore, appropriate waste disposal procedures must be followed.
2|
Attach the reactor to a vacuum/air manifold with vacuum and gas connections.
3|
Degas the reactor setup three times by alternately applying vacuum and argon gas. Finally, leave the argon gas flowing through the system until end of the reaction. 
5|
Open the reactor clamp and lift the vessel lid slightly, while flowing argon gas through the system, to add 27 g of MEDSAH monomer and 500 ml of the degassed water-ethanol solvent mixture to the reactor setup for a final concentration of 0.25 M monomer. Close the reactor and seal it with the clamp.
6|
Turn on the heating mantle controller and the stirring plate to begin heating and mixing the monomer solution.
7|
Monitor the monomer solution temperature by inserting a thermometer through a thermometer adapter.
8|
While the monomer solution is heating, place the TCPS dishes on the loading tray of a UV ozone cleaner and activate for 40 min.  crItIcal step For maximum activation, place the TCPS dishes as close to the UV source as possible. In practice, because of the raised edge of 35-mm TCPS dishes, the inner surface of the TCPS dish is at least 15-20 mm away from the UV lamp in the UV Ozone cleaner.
9|
When the monomer solution reaches 65-70 °C, load surface-activated TCPS dishes into the reactor by opening the reactor clamp and lifting the reactor vessel lid slightly. Ensure that all surface-activated TCPS dishes are completely immersed in the heated monomer solution and re-close the reactor. Maintain monomer solution temperature at 80 ± 3 °C for 2.5 h. ? troublesHootInG 10| To stop the reaction, turn off the heating mantle controller and let the reaction solution temperature decrease to 50 °C.
11|
In the meantime, heat salt solution (1% (wt/vol) NaCl in DI water) to 50 °C in a 1-liter beaker.
12| Use forceps to take the polymer-coated TCPS dishes out of the reactor; rinse them with the warm salt solution prepared in the previous step.
13|
Leave the polymer-coated TCPS dishes in salt solution overnight (at least 12 h) at 50 °C.  crItIcal step Washing with salt solution enables the removal of unreacted monomer and any unattached polymer gel from the TCPS dishes. 14| Finally, clean the PMEDSAH-coated TCPS dishes by ultrasonication in DI water and dry under a stream of nitrogen gas.  pause poInt PMEDSAH-coated TCPS dishes can be stored in dry conditions in a desiccator jar until use. We have used PMEDSAH-coated TCPS dishes up to 3 months after fabrication for successful hES cell culture. establishment of hes cell culture on pMeDsaH-coated tcps dishes • tIMInG 2 weeks 15| Day 1. Irradiate PMEDSAH-coated TCPS dishes with UV light in a tissue culture hood overnight (or at least 30 min) to sterilize the surface.  crItIcal step This and all subsequent steps should be carried out in a tissue culture hood. Proper safety precautions must be taken when handling biological components.  crItIcal step Human ES cells can be cultured on Matrigel as previously described 2 , and these cells can be used as control for the characterization of hES cell cultures on PMEDSAH-coated TCPS dishes. We apply the following procedure to establish cultures on PMEDSAH-coated TCPS dishes in the presence of the feeder-free medium (medium conditioned by MEFs (MEF-CM) or by human cells (hCCM) or defined medium (StemPro)). The morphology and cell-population doubling time of hES cell colonies cultured on PMEDSAH-coated TCPS dishes is similar, regardless of the medium used 8 .
16| Day 2.
Wash the PMEDSAH-coated TCPS dishes with D-PBS twice, then add 1 ml of the required medium (MEF-CM, hCCM or StemPro) and place PMEDSAH-coated TCPS dishes in the cell culture incubator.  crItIcal step This preparation is done at least 4 h before cell seeding; however, improved results have been observed when TCPS dishes are prepared 48 h before cell seeding. If it has been left in the incubator for more than a week, refresh the medium in the preconditioned dish and put it back in the incubator until use.
17| Day 4.
Dispense the required amount of culture medium into a conical tube and pre-equilibrate it in the cell culture incubator.
18|
Replace the medium in the TCPS dishes containing the 'ready-to-passage' hES cell colonies with pre-equilibrated fresh medium.  crItIcal step As in standard hES cell culture, undifferentiated and ready-to-passage hES cell colonies have clear and well-defined borders, may have centers that are denser and brighter compared with the edges and may be beginning to merge with other colonies (Fig. 2) .
19|
Use the stereomicroscope placed inside a laminar flow hood to identify ready-to-passage colonies and cut them mechanically into small cell aggregates with a sterile pulled glass pipette (Fig. 2) . Alternatively, use the StemPro EZPassage tool to achieve high yield and uniform size cell aggregates.  crItIcal step We perform mechanical passaging of hES cells on PMEDSAH-coated TCPS dishes to avoid karyotypic abnormalities associated with enzymatic passaging [14] [15] [16] . ? troublesHootInG 20| Working inside the tissue culture hood, collect and transfer 50-100 hES cell aggregates to each previously prepared PMEDSAH-coated TCPS dish, and then return the PMEDSAH-coated TCPS dishes to the cell culture incubator (passage 1). The following day, take no action.  crItIcal step After passaging hES cell aggregates to PMEDSAH-coated TCPS dishes, adherent colonies and embryoid bodies (EBs) can be observed. Some EBs will be floating, whereas others will be attached to PMEDSAH-coated TCPS dishes. If the latter are left attached, undifferentiated colonies will form. ? troublesHootInG 21| Forty-eight hours after passaging, while working under the stereomicroscope, remove any differentiated colonies and cells from PMEDSAH-coated TCPS dishes using a sterile pulled glass pipette. Replace the spent medium with 1 ml of pre-equilibrated fresh medium.
? troublesHootInG 22| Every other day, repeat the procedure described in Step 21.
23| After 7-10 d, several colonies will be ready to passage (Fig. 2) . Split them mechanically and transfer 50-100 aggregates to each newly prepared PMEDSAH-coated TCPS dish (passage 2). Please note that it is important to feed the PMEDSAHcoated TCPS dish containing the original cells (passage 1), as colonies not ready for passage and cell aggregates that were not transferred to the new PMEDSAH-coated TCPS dish will grow and can be picked when they reach the status of readyto-passage colonies.
culture expansion on pMeDsaH-coated tcps dishes for hes cell characterization • tIMInG 4 weeks 24| When the colonies are ready for passage, split them mechanically into 50-100 aggregates per new PMEDSAH-coated TCPS dish. For instance, at passage 5, pick colonies and split them mechanically to propagate to passage 6, while using the remaining colonies for immunofluorescence analysis of pluripotency-associated transcription factors (OCT4 and SOX2) and surface markers (SSEA-3, SSEA-4, TRA1-60 and TRA1-81). Assess the differentiation potential in vitro by the formation of EBs.  crItIcal step Characterize hES cells every five passages to verify the continuous expression of pluripotency-associated transcription factors and surface markers, as well as to assess normal karyotype and differentiation potential in vitro.
25|
Trypsinize the EBs and extract RNA to evaluate the presence of representative genes from ectoderm, mesoderm and endoderm by reverse transcription PCR. The colonies passaged were not ready to passage. Take care to select colonies with denser and brighter centers compared with edges Cell-aggregate size is too small. In our experience, cell aggregates acquired from ready-to-passage colonies containing >50 cells attach well to PMEDSAH-coated TCPS dishes
26|
The medium was changed too soon. Take no action on the day after passage. If low attachment is observed after 48 h, add 0.5 ml of fresh pre-equilibrated medium and wait an additional 24 h before proceeding to Step 21
19-21 Presence of differentiated cells
Poor selection of undifferentiated colonies during passages and culture. Undifferentiated and ready-to-passage hES cell colonies have clear and well-defined borders and centers that are denser and brighter than the edges Cell culture medium has expired. Use medium within 2 weeks after preparation; use MEF-CM collected during the first 3 d of conditioning 
antIcIpateD results
The culture of hES cells on chemically defined substrates, such as PMEDSAH, eliminates variables associated with feeder cells and naturally derived protein coatings; these can range from batch-to-batch inconsistencies to biosafety issues. By following the protocol described here, researchers can obtain consistent and easy-to-handle cultures of hES cells. As described previously by other researchers 18 and in our research 8 , differences exist between hES cell lines, and this may be reflected in the outcome. We observed that BG01 cells could not be passaged beyond three passages on PMEDSAH-coated TCPS dishes in StemPro medium; however, we reported ten continual passages of H9 cells in the same conditions. Subsequently, other cells lines, such as, H1 (data not shown), H7, CHB-8 and CHB-10 have been successfully cultured on PMEDSAH-coated TCPS dishes for more than five passages (Fig. 2) . Spontaneous differentiation of hES cells on PMEDSAHcoated TCPS dishes occurs as frequently as observed on feeder cells and other feeder-free culture systems, such as Matrigel. Thus, as mentioned before, successful sustenance of hES cell cultures on PMEDSAH-coated dishes depends on careful selection of high-quality undifferentiated hES cells achieved by mechanical passaging methods. coMpetInG FInancIal Interests The authors declare no competing financial interests.
